Immature poults have an inefficient thermoregulatory system, and therefore extreme ambient temperatures can impact their internal body temperature. Satellite cells, the only posthatch myonuclei source, are multipotential stem cells and sensitive to temperature. Selection for faster-growing, high-yielding birds has altered satellite-cell properties. The objective of the current study was to determine how temperature affects adipogenic properties of satellite cells isolated from the pectoralis major (p. major) muscle of Randombred Control line (RBC2) and F line turkeys selected only for increased 16-wk body weight from the RBC2 line. Satellite cells were cultured at 2
cle of Randombred Control line (RBC2) and F line turkeys selected only for increased 16-wk body weight from the RBC2 line. Satellite cells were cultured at 2
• C incremental temperatures between 33 and 43 • C and compared to cells cultured at the control temperature of 38
• C to ascertain temperature effects on lipid accumulation and expression of adipogenic genes: CCAAT/enhancer-binding protein-β (C/EBPβ), peroxisome proliferator-activated receptor-γ (PPARγ), and stearoyl-CoA desaturase (SCD). During proliferation, the amount of quantifiable lipid in both F and RBC2 satellite cells increased at temperatures above 38
• C (P < 0.01) and decreased at temperatures below 38
• C (P < 0.01). Above 38
• C, RBC2 satellite cells had more lipid (P = 0.02) compared to the F line, whereas there were few differences between lines below 38
• C. At 72 h of proliferation, expression of C/EBPβ, PPARγ, and SCD decreased (P ≤ 0.02) as temperatures increased from 33 to 43
• C in both cell lines. During differentiation expression of C/EBPβ increased (P < 0.01) as temperatures increased from 33 to 43
• C in both cell lines. In F line satellite cells, PPARγ expression decreased (P < 0.01) with increasing temperatures during differentiation, whereas there was no linear trend in RBC2 cells. During differentiation expression of SCD increased as temperatures increased (P < 0.01) in RBC2 cells, and there was no linear trend within the F line. Results from the current study suggest that environmental temperature can affect p. major satellite cellular fate; however, selection for increased body weight had little impact on these cellular responses.
INTRODUCTION
Satellite cells are a self-renewing stem cell population responsible for all posthatch skeletal muscle growth (Moss and Leblond, 1971 ). Satellite cells, also known as adult myoblasts, are located between the basement membrane and sarcolemma of myofibers (Mauro, 1961) and are most active wk 1 following hatch (Halevy et al., 2000; Mozdziak et al., 2002) . During embryonic development, myoblasts proliferate, align, and fuse to form multinucleated myotubes. After fusion, myoblasts withdraw from the cell cycle (Moss and Leblond, 1971) ; therefore, posthatch muscle growth is dependent upon satellite cells. Satellite cells fuse and donate their nuclei to existing myofibers (Moss and Leblond, 1971 ) to increase myonuclear DNA content which is required for protein synthesis, protein accretion, and skeletal muscle growth through muscle fiber hypertrophy.
Satellite cells comprise a multipotential, heterogeneous stem cell population capable of differentiating into several alternate cell lineages of mesodermal origin (Asakura et al., 2001; Shefer et al., 2004; Rossi et al., 2010) . For example, satellite cells isolated from humans (De Coppi et al., 2006) , pigs (Singh et al., 2007) , and chickens (Powell et al., 2014; Harding et al., 2015) can differentiate into adipocytes. There is also evidence that the propensity to spontaneously transdifferentiate might vary in different satellite cell populations (Shefer, et al., 2004; Rossi et al., 2010) . For instance, in vitro, satellite cells with a high proliferation capacity have a greater tendency to transdifferentiate into an adipogenic lineage, while satellite cells with a lower rate of proliferation tend to have a reduced transdifferentiation potential (Rossi et al., 2010) . Differential conversion of satellite cells to an adipogenic lineage has also been reported to be muscle fiber-type dependent. Harding et al. (2015) demonstrated that chicken satellite cells isolated from the pectoralis major (p. major) muscle have a greater tendency to express adipogenic genes than satellite cells isolated from the biceps femoris (b. femoris) muscle.
External factors such as temperature can alter satellite cell proliferation, differentiation, and cell fate (Loyau et al., 2013; Piestun et al., 2013; Harding et al., 2015; Clark et al., 2016) . Clark et al. (2016) demonstrated that satellite cell proliferation and differentiation in vitro increased as incubation temperatures increased above the control temperature of 38
• C, and decreased as incubation temperatures decreased below 38
• C. Halevy et al. (2001) showed that a 24-h heat stress during wk 1 posthatch increased satellite cell proliferation. Changes to satellite cell proliferation and differentiation have been reported to impact skeletal muscle growth and meat quality (Piestun et al., 2009; Loyau et al., 2013) . Temperature can also stimulate transdifferentiation of satellite cells to an adipogenic lineage. Harding et al. (2015) demonstrated that elevated temperatures in vitro increased lipid accumulation in both broiler p. major and b. femoris satellite cells, and decreased temperatures reduced lipid accumulation in both cell types. Additionally, different incubation temperatures altered the expression of key adipogenic genes such as CCAAT/enhancer-binding protein β (C/EBPβ) and peroxisome proliferatoractivated receptor-γ (PPARγ) (Harding et al., 2015) .
Adipocyte differentiation is regulated by transcription factors such as C/EBPβ and PPARγ (Rosen et al., 1999; Tang and Lane, 2012) . The CCAAT/enhancerbinding protein β belongs to the basic leucine class of transcription factors and is expressed early in the adipocyte differentiation process (Cao et al., 1991; Yeh et al., 1995; Tang and Lane 1999) . Ectopic expression of C/EBPβ can induce preadipocyte to adipocyte differentiation (Yeh et al., 1995) . Zhu et al. (1995) and Fajas et al. (1997) demonstrated that active C/EBPβ directly enhances PPARγ transcription by interacting with C/EBP binding sites in PPARγ promoter regions. Peroxisome proliferator-activated receptor γ is a nuclear hormone receptor and is responsible for C/EBPα activation (Rosen et al., 1999) . Both PPARγ and C/EBPα enhance the expression of many downstream adipocyte specific genes . Furthermore, PPARγ is sufficient to promote differentiation of both preadipocytes and myoblasts into adipocytes . Taken together these data demonstrate that temperature affects satellite cell function and fate by altering the expression of adipogenic transcription factors.
Growth-selected poultry produce more heat and have a reduction in capillary density throughout the muscle resulting in a reduced capacity to remove heat (HovingBolink et al., 2000; Havenstein et al., 2003; Joiner et al., 2014) . Birds are homeotherms and, therefore, can maintain their body temperature (T b ) within a narrow range. The thermoregulatory system in newly hatched poults and chicks is immature (Myhre, 1978; Modrey and Nichelmann, 1992; Shinder et al., 2007) , and therefore when challenged with cold or hot temperatures, they are often unable to maintain a constant internal body temperature. An increase in T b above the optimal physiological range, resulting from exposure to elevated environmental temperatures and excessive metabolic heat production from rapid growth may initiate an irreversible cascade of thermoregulatory events, which can be lethal (Yahav, 2009) . Heat stress in birds depresses feed intake and growth and induces irreversible damage to the skeletal muscle Azad et al., 2010) . Thus, elevated environmental temperatures have been shown to reduce skeletal muscle growth of fast-growing meat-type broilers to a greater extent than slow-growing broilers (Baziz et al. 1996; Lu et al., 2007) . Baziz et al. (1996) also showed that chronic heat stress of broiler chicks from 4 through 7 wk of age resulted in increased abdominal, intramuscular, and subcutaneous fat deposition.
The differential growth response of fast-growing and slow-growing turkeys to temperature can be attributed, in part, to differences in satellite cell thermal sensitivity (Clark et al., 2016) . Clark et al. (2016) demonstrated that in vitro proliferation of satellite cells from a turkey line selected only for increased 16-wk body weight (F) was increased to a greater extent compared to a non-selected, random-bred control line (RBC2) when satellite cells were incubated at higher temperatures. At colder temperatures, the proliferation of the F line satellite cells were reduced to a greater extent than the RBC2 satellite cells (Clark et al., 2016) . Additionally, Velleman (2014) showed pectoralis major (p. major) muscle satellite cells isolated from the F line had a greater propensity to express PPARγ, C/EBPα, and stearoyl-CoA desaturase (SCD), an enzyme responsible for complex lipid production, compared to RBC2 satellite cells. It is, therefore, hypothesized that environmental temperature variation will differentially affect adipogenic properties of satellite cells. Thus, the objective of the current study was to determine how temperature and selection for increased 16-wk body weight alter intracellular lipid accumulation and adipogenic gene expression in satellite cells.
MATERIALS AND METHODS
Turkey satellite cells were previously isolated from the p. major muscle of F and RBC2 turkeys and stored in liquid nitrogen (Velleman et al., 2000) . The F turkey line was selected from the RBC2 line for only increased 16-wk body weight (Nestor, 1977) and continues to be selected for only increased 16-wk body weight (Nestor et al., 2008) . The RBC2 line has been maintained without conscious selection for any trait (Nestor, 1977) . The F line turkeys have a heavier body weight and p. major muscle weight than RBC2 line turkeys (Nestor et al., 1987; Lilburn and Nestor, 1991) . Satellite cells isolated from males were specifically used in the present study to avoid sex effects (Velleman et al., 2000; Liu et al., 2004; 2005; Song et al., 2013) . Both the RBC2 and F turkey lines are housed and maintained at the Poultry Research Center of The Ohio Agricultural Research Development Center/The Ohio State University in Wooster, OH.
Satellite Cell Culture
Turkey p. major satellite cells were plated at a density of 15,000 cells per well in 0.1% gelatin-coated 24-well plates (Greiner BioOne, Monroe, NC). All culture conditions were consistent with those that were optimized by McFarland et al. (1988) . After plating, cells were incubated in a 38
• C 95% air/5% CO 2 incubator (Thermo Fisher Scientific, Pittsburgh, PA) for 24 h in plating medium consisting of Dulbecco's Modified Eagle's Medium (DMEM, Sigma Aldrich, St. Louis, MO), 10% chicken serum (Gemini BioProducts, West Sacramento, CA), 5% horse serum (Gemini BioProducts), 1% antibiotics-antimycotics (Gemini BioProducts), and 0.1% gentamicin (Gemini BioProducts). After 24 h, plating medium was removed and cells were fed growth medium consisting of McCoy's 5A (SigmaAldrich), 10% chicken serum (Gemini BioProducts), 5% horse serum (Gemini BioProducts), 1% antibioticsantimycotics (Gemini BioProducts), and 0.1% gentamicin (Gemini BioProducts). Despite its adipogenic properties, chicken serum was used in the growth medium as described by McFarland et al. (1988) . However, to eliminate confounding effects, the chicken serum was added at the same level to all control and experimental treatments. To evaluate temperature effect on proliferation, cells were divided into 2 groups after the 24 h plating period and cultured simultaneously in a 38
• C 95% air/5% CO 2 incubator (Thermo Fisher Scientific) or held at an experimental temperature (33, 35, 37, 39, 41, or 43 • C) in a 95% air/5% CO 2 incubator (Thermo Fisher Scientific) for 72 h. Growth medium was changed every 24 h. After 72 h, cultures were approximately 65% confluent and medium was changed to a low-serum medium containing DMEM, 3% horse serum (Gemini BioProducts), 1% antibiotics-antimycotics (Gemini BioProducts), 0.1% gentamicin (Gemini BioProducts), and 1 mg/mL bovine serum albumin (BSA, Sigma Aldrich) to induce differentiation. To evaluate temperature effect on differentiation, satellite cells were held at 38
• C throughout plating and through proliferation. After induction of differentiation, cell cultures were split into 2 groups and they were simultaneously incubated in a 38
• C 95% air/5% CO 2 incubator (Thermo Fisher Scientific) or held at an experimental temperature (33, 35, 37, 39, 41, or 43 • C) in a 95% air/5% CO 2 incubator (Thermo Fisher Scientific) for 72 h. Medium was changed every 24 h after induction of differentiation. Three representative photomicrographs were taken every 24 h to monitor cell density and tube formation.
Quantitation and Imaging of Lipid Accumulation
Quantitation of Intracellular Lipid Intracellular lipid accumulation in satellite cell cultures was quantified by the AdipoRed assay (Lonza Inc., Walkersville, MD) following manufacturer procedures. Lipid accumulation was measured on 4 replicate wells per experiment at 72 h of proliferation, and 72 h of differentiation. In brief, cell culture plates were removed from the incubators at each sampling time, media was removed and wells were rinsed with 1 mL phosphate buffered saline (PBS: 137 mM NaCL, 2.68 mM KCl, 1.47 mM KH 2 PO 4 , and 7.81 mM Na 2 HPO 4 ; pH 7.08). The PBS was removed and an additional 1 mL of PBS was added to each well including 2 negative control wells. To each cell culture well and one control well, 30 μL of AdipoRed was added and mixed by pipette. Plates were then incubated at room temperature for 15 min and lipid was quantified by fluorescence emission at 528 nm with excitation at 485 nm using a Fluoroskan Ascent FL scanner (Thermo Fisher Scientific). At least 2 separate cultures were plated on different days at each experimental temperature and day was treated as a blocking factor.
Microscopic Visualization of Lipid Lipid accumulation in satellite cells was visualized with Oil Red O (Sigma-Aldrich) staining at 72 h of proliferation, and 72 h of differentiation as described by Harding et al. (2015) . At each sampling time, plates were removed from the incubator, media was removed from wells and cells were fixed in 500 μL of 10% formalin (Electron Microscopy Sciences, Hatfield, PA) for 5 min. Cells were then stored in the dark for at least 24 h at room temperature. Next, cells were washed with 60% isopropanol. Once dry, 200 μL of 0.5% Oil Red O was added to each well for 10 min. Plates were then washed with water until all non-specifically bound Oil Red O was removed. To observe the nuclei, cells were stained with 250 μL of 2 μg/mL of 4 , 6-diamidino-2-phenylindole (DAPI; Biotium, Hayward, CA) for 20 mins. Cultures were stored in PBS at 4
• C for further analysis. Cultures were imaged with an Olympus IX70 fluorescent microscope and a QImaging digital camera using CellSens software. At least 2 separate cultures were plated on different days at each experimental temperature with 4 replicate wells per treatment and culture. Day was treated as a blocking factor.
Total RNA Extraction and cDNA Synthesis
Satellite cell cultures were collected at 72 h after attachment (72 h of proliferation) and 72 h after initiation of differentiation (72 h of differentiation). Total RNA was extracted and pooled from at least 6 wells per experiment using RNAzol (Molecular Research Center, Cincinnati, OH) according to manufacturer's protocol. Total RNA concentration was measured with a Nanodrop Spectrophotometer (Nanodrop, Wilmington, DE). Moloney Murine Leukemia Virus Reverse Transcriptase (M-MLV; Promega, Madison, WI) was used for synthesis of cDNA. The reaction consisted of 1 μg of total RNA, 1 μL of 50 mM Oligo d(T) 20 (Operon, Huntsville, AL), and nuclease-free water up to a total volume of 13.5 μL. The reaction was then incubated at 70
• C for 5 min and then cooled in ice. After cooling, 5 μL of M-MLV RT 5x buffer (Promega), 1 μL of 10 mM deoxynucleotide triphosphate mix, 0.25 μL of RNasin (40 U/μL), 1 μL of M-MLV (200 U/μL), and 4.25 μL of nuclease-free water was added to the reaction. The reaction was then incubated at 55
• C for 60 min and 90
• C for 10 min to stop the reaction. The cDNA mixture was then diluted at a 1:1 ratio by adding 25 μL of nuclease-free water.
Real-Time Quantitative PCR
The expression of PPARγ, C/EBPβ, and SCD were measured by real-time quantitative polymerase chain reaction (qPCR) using DyNAmo Hot Start SYBR Green qPCR kit (Thermo Fisher Scientific) and a DNA Engine Opticon 2 real-time system (Bio-Rad, Hercules, CA). Reaction mixtures were analyzed in triplicate reaction and contained 18 μL DyNAmo Hot Start SYBR Green qPCR master mix (Thermo Fisher Scientific), 2 μL of cDNA, 1 μL of 10 μM 1:1 forward and reverse target primer mixture, and 7 μL of nuclease-free water. Primers for PPARγ, C/EBPβ, SCD and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) are listed in Table 1 . Primer specificity was confirmed by sequencing PCR products (Molecular and Cellular Imaging Center, The Ohio State University/Ohio Agricultural Research and Development Center) and the presence of a single band that corresponded to the correct molecular weight after randomly selected samples were resolved on a 1.0% agarose gel. Thermocycler program conditions were: 94
• C for 15 min followed by 35 cycles of 94
• C for 30 s, 55
• C (for GAPDH, PPARγ, and SCD) or 60
• C (for C/EBPβ) for 30 s, and 72
• C for 30 s, and a final extension at 72
• C for 5 min. Following the qPCR reaction, a melting curve program was completed from 52 to 95
• C with a reading taken every 0.2
• C and a 1 s hold to ensure each sample produced a single dissociation curve.
Gene expression quantification was calculated with the standard curve method as previously described by Liu et al. (2006) . In brief, purified PCR products were used to generate a standard curve. For each sample, arbitrary molar amount of amplified cDNA was interpolated from the corresponding arbitrary standard curve molar concentration. Expression of GAPDH at 38
• C within respective lines was used to calculate arbitrary units. Arbitrary units were normalized to GAPDH expression by dividing the arbitrary molar concentration of the samples by the arbitrary GAPDH molar concentration for each genetic line at each sampling time as described by Clark et al. (2016) . A no-template negative control was included on every qPCR plate for contamination detection. Samples were analyzed by qPCR in technical triplicate reactions. At least three separate cultures were plated on different days at each experimental temperature and day was treated as a blocking factor.
Statistical Analysis
Data were analyzed as an incomplete block design, as each experimental temperature was paired with its 38
• C control. Statistical analysis was performed on all experiments and data from a single experiment were selected as representative for all experiments analyzed. Least square means (lsmeans) statement was used to determine means and standard errors of the means. The MIXED procedure of SAS (SAS Institute Inc., Cary, NC) was used to determine differences between cell lines within a specific temperature and sampling time. The SLICE option was used to determine differences between cell lines at each specific temperature. For gene expression, the REG procedure of SAS was used to evaluate the linear response across temperature for each turkey line. Contrast statements in the GLM procedure of SAS were used to determine response differences between genetic lines. Differences were considered significant at P < 0.05.
RESULTS

Effect of Temperature and Growth Selection on Lipid Accumulation
Intracellular lipid accumulation was measured by an AdipoRed assay in cell cultures incubated at temperatures between 33 and 43
• C at 72 h of proliferation and 72 h of differentiation. At 72 h of proliferation (Table 2) , in both the F and RBC2 satellite cells, intracellular lipid increased (P < 0.01) at temperatures above the control temperature of 38
• C, whereas at temperatures below 38
• C, lipid content decreased (P < 0.01). There were no differences (P ≥ 0.13) in intracellular lipid content between the F and RBC2 cells at 33, 37, and 38
• C. At 35
• C, the F line satellite cells had more (P = 0.02) lipid compared to the RBC2 satellite cells. In contrast, the F line satellite cells had less (P < 0.01) intracellular lipid compared to the RBC2 satellite cells at temperatures at 39 to 43
• C. At 72 h of differentiation (Table 3) , there were no significant differences (P ≥ 0.05) between the intracellular lipid content within the RBC2 satellite cells incubated between 35 and 43
• C. Similarly, in F line satellite cells, there were no differences (P ≥ 0.06) between the intracellular lipid content of the cells incubated at 37, 39, 41, and 43
• C. However, F line satellite cells incubated at 35
• C had significantly less (P ≤ 0.04) lipid than those cells incubated at 37 and 41
• C, although the cells incubated at 38
• C had less (P < 0.05) lipid than cells incubated at 35, 37, 39, 41, and 43
• C. Regardless of the cell line, cells incubated at 33
• C had significantly less (P ≤ 0.01) intracellular lipid compared to all other incubation temperatures.
Deposition of lipid was microscopically evaluated after staining with Oil Red O at 33, 43
• C, and the The effect of line within each temperature (P < 0.05 considered as significant). c-f Fluorescent intensity (mean ± SEM) within a column (line) without a common letter are significantly different (P < 0.05).
g The main effect of temperature within each line (P < 0.05 considered as significant). control temperature of 38
• C at 72 h of proliferation and 72 h of differentiation. At 72 h of proliferation, minimal lipid accumulation was observed in both the F and RBC2 satellite cells incubated at 33 and 38
• C (Figure 1A, B, G, H) . In contrast, satellite cells incubated at 43
• C, had lipid droplet clusters in both the F and RBC2 satellite cells at 72 h of proliferation ( Figure 1C, I arrows) . At 72 h of differentiation, there was minimal lipid in the F line satellite cells incubated at 33 and 38
• C ( Figure 2G, H) . Interestingly, there were some cells with lipid staining in the RBC2 cultures incubated at 33
• C (Figure 2A arrows) .
At 38 • C, there was minimal lipid deposition observed within the RBC2 cell cultures at 72 h of differentiation ( Figure 2B ). For both the F and RBC2 satellite cells incubated at 43
• C, there were more lipid droplets that were clustered or diffuse lipid throughout the entire myotube ( Figure 2C , I arrows) compared to lower temperatures at 72 h of differentiation. The proliferating satellite cells and myotubes were also labeled with DAPI, demonstrating lipid accumulation was within nucleated satellite cells and multinucleated myotubes ( Figure 1D , E, F, J, K, L and Figure 2D , E, F, J, K, L). 
Adipogenic Gene Expression
At 72 h of proliferation, as temperatures increased from 33 to 43
• C, PPARγ expression significantly decreased (P < 0.01) in both the F (Slope: -5.83) and RBC2 (Slope: -6.76) satellite cells ( Figure 3A) . The rate at which PPARγ expression decreased across temperatures was not significantly different (P = 0.77) between the F and RBC2 satellite cells. Comparing the cell lines at each temperature, PPARγ expression was reduced (P < 0.01) in the F satellite cells incubated at 33
• C compared to the RBC2 satellite cells. However, at 35, 37 and 38
• C PPARγ expression was significantly higher (P ≤ 0.03) in the F line satellite cells compared to the RBC2 cells. There were no statistical differences (P > 0.05) in PPARγ expression between the F and RBC2 satellite cells at 39, 41, and 43
• C. At 72 h of differentiation in the F line satellite cells, PPARγ expression significantly decreased (Slope: -3.06; P < 0.01) with increasing temperatures from 33 to 43
• C ( Figure 3B ). In the RBC2 satellite cells, there was no statistical linear trend (P = 0.41) in PPARγ expression across temperatures. Yet, the rate at which PPARγ expression decreased across temperature was not statistically different (P = 0.19) between the F and RBC2 satellite cells. Expression of PPARγ (P < 0.01) was significantly higher in the F line satellite cells at 33
• C compared to the RBC2 satellite cells. Conversely, at 35, 37, 38, 39 and 43
• C PPARγ expression was significantly lower (P < 0.01) in the F line satellite cells compared to the RBC2 satellite cells.
At 72 h of proliferation, C/EBPβ expression ( Figure 4A ) significantly decreased (P < 0.01) as temperatures increased from 33 to 43
• C in both of the cell lines (F Slope: -0.69; RBC2 Slope: -0.79). The rate at which C/EBPβ expression decreased across temperature was not statistically different (P = 0.14) be- tween the F and RBC2 satellite cell lines. Expression of C/EBPβ was significantly higher (P = 0.05) at 33
• C in the F line satellite cells compared to the RBC2 satellite cells. At 35
• C, C/EBPβ expression was lower (P < 0.01) in the F line satellite cells compared to the RBC2 satellite cells. There were no statistical differences (P ≥ 0.11) in C/EBPβ expression between the lines at 37, 38, 39, 41, and 43
• C. At 72 h of differentiation, C/EBPβ expression significantly increased (P < 0.01) as temperatures increased from 33 to 43
• C in both of the cell lines (F Slope: 0.62; RBC2 Slope: 1.11). The rate of increase across • C) for 72 h of proliferation (A), or at 38
• C until the induction of differentiation and then incubated at an experimental temperature for 72 h of differentiation (B). Expression of SCD was measured by quantitative real-time polymerase chain reaction. Linear regression analysis from 33
• C to 43 • C concluded that SCD expression decreased (P < 0.01) as temperatures increased in both the RBC2 (slope: -0.53; solid line) and F (slope: -0.60; dashed line) line cells at 72 h of proliferation. At 72 h of differentiation, SCD expression increased (P < 0.01) as temperatures increased from 33
• C to 43
• C in the RBC2 cells (slope: 1.30; solid line); however there was no linear trend (P = 0.16) in the F line cells (dashed line). Mean values were graphed and error bars are SEM. Asterisks signify significant differences (P < 0.05) between genetic lines within a single temperature and sampling time. 72 hP = 72 h of proliferation; 72 hD = 72 h of differentiation.
temperatures was greater (P < 0.01) in the RBC2 satellite cells compared to the F line satellite cells. At 41 and 43
• C, C/EBPβ expression was lower (P < 0.01) in the F line satellite cells compared to the RBC2 satellite cells. There were no statistical differences (P ≥ 0.16) in C/EBPβ expression between the different cell types at temperatures between 33 and 39
• C. At 72 h of proliferation, similar to PPARγ and C/EBPβ, SCD expression ( Figure 5A ) significantly decreased (P ≤ 0.02) as temperatures increased from 33 to 43
• C in both of the cell lines (F Slope: -0.60; RBC2
Slope: -0.53). The rate at which SCD expression decreased across temperature was not statistically different (P = 0.72) between the 2 lines. Comparing cell lines at each temperature, at 41 • C SCD expression was significantly lower (P < 0.01) in the F line satellite cells compared to the RBC2 satellite cells, but there were no statistical differences (P ≥ 0.14) in SCD expression between the 2 cell lines at any other temperature.
At 72 h of differentiation, SCD expression ( Figure 5B ) significantly increased (P < 0.01) as temperatures increased from 33 to 43
• C in the RBC2 satellite cells (Slope: 1.30). There was no linear trend (P = 0.15) in SCD expression across temperatures in the F line satellite cells (Slope: 0.23). Therefore, the rate at which SCD expression increased across temperatures was greater (P < 0.01) in the RBC2 satellite cells compared to the F line satellite cells. At 33
• C, SCD expression was higher (P < 0.01) in the F line satellite cells compared to the RBC2 satellite cells. There were no statistical differences (P ≥ 0.31) in SCD expression between the 2 cell types at 35 and 37
• C. However, SCD expression was significantly lower (P < 0.01) in the F satellite cells compared to the RBC2 cells at temperatures between 38 and 43
• C.
DISCUSSION
Satellite cells comprise a multipotential, heterogeneous stem cell population that have a high propensity toward a myogenic lineage, but can also differentiate into an adipogenic lineage with appropriate stimuli (Asakura et al., 2001 , Shefer et al., 2004 Rossi et al., 2010; Yin et al., 2013) . Different satellite cell populations have been identified and categorized based upon cell surface markers, myogenic transcription factor expression (Beauchamp et al., 2000; Zammit et al., 2004; Kuang et al., 2007; Shea et al., 2010; Rocheteau et al., 2012) , and proliferation and differentiation rates (McFarland et al., 1995; Molnar et al., 1996; Yun et al., 1997; Rouger et al., 2004; Day et al., 2009; Rossi et al., 2010) . Distinct satellite cell populations have been found in muscles comprised of different fiber types (Feldman and Stockdale, 1991; Huang et al., 2006) as well as within a single muscle and myofiber type (McFarland et al., 1995; Yun et al., 1997; Zeng et al., 2002; Rossi et al., 2010) . Satellite cells isolated from the same p. major muscle also display heterogeneity in their proliferation (McFarland et al., 1995) and differentiation properties (Rouger et al., 2004) . Pectoralis major satellite cells that proliferate more rapidly are more sensitive to growth factors such as fibroblast growth factor 2, insulin-like growth factor (Yun et al., 1997) , and hepatocyte growth factor (Zeng et al., 2002) . Proliferation and growth factor responsiveness differences between satellite cell populations may contribute to the transformation of satellite cells to an adipogenic line. For example, Rossi et al. (2010) demonstrated that satellite cell populations from a single myofiber with a high proliferation rate were more likely to transdifferentiate into an adipogenic lineage than satellite cells that were slower in their proliferation.
Effect of Temperature on the Adipogenic Properties of Satellite Cells
Temperature can affect the proliferation, differentiation (Clark et al., 2016) , and fate of satellite cells (Harding et al., 2015) . Thermal conditioning is a technique that exposes young chicks (<5 d posthatch) to an acute heat treatment to improve heat tolerance and skeletal muscle growth (Arjona et al., 1988; Plavnik, 1999, Yahav and McMurtry, 2001 ) by increasing the number of active satellite cells (Halevy et al., 2001) . Increased egg incubation temperature during late embryogenesis can also increase the number of proliferating satellite cells up to at least 13 d after hatch (Piestun et al., 2009) .
Increased temperatures as shown by Harding et al. (2015) can affect lipid accumulation and adipogenic gene expression of satellite cells. The results from the current study showed at 72 h of proliferation, temperatures above 38
• C increased intracellular lipid accumulation in both the F and RBC2 p. major satellite cells. At the same sampling time, temperatures below the control caused a reduction in intracellular lipid accumulation in both the F and RBC2 satellite cells. Interestingly, despite the increased adiposity at higher temperatures, PPARγ, C/EBPβ, and SCD expression were reduced as temperature increased from 33 to 43
• C at 72 h of proliferation. Harding et al. (2015) also reported a similar reduction in PPARγ expression as temperatures increased from 33 to 43
• C at 72 h of proliferation, but an increase in C/EBPβ expression in broiler p. major satellite cells. The discrepancy between quantifiable lipid accumulation and gene expression is likely due to the fact that expression of adipogenic genes, such as C/EBPβ and PPARγ, are developmentally regulated and induced prior to the formation of detectable lipid accumulation. Expression of C/EBPβ is rapidly induced within 4 h after initiation of adipocyte differentiation (Tang and Lane, 1999) . Active C/EBPβ is then directly responsible for initiating PPARγ expression approximately 16 to 20 h after induction of adipocyte differentiation (Tang and Lane, 1999) . Based on the increased lipid accumulation noted at higher temperatures in the current study and others (Harding et al., 2015) , it is likely that C/EBPβ and PPARγ expression peaked in cultures incubated at higher temperatures much earlier than 72 h of proliferation. In satellite cells incubated at temperatures below the control, the expression of adipogenic genes are suppressed and take longer to reach maximum expression. Further research is needed to determine the developmental onset of adipogenic gene expression and the effects of temperature on the adipogenic properties, such as lipid accumulation and gene expression, in different satellite cell populations.
Effect of Temperature and 16-wk Body Weight Selection on Satellite Cells
High-yield broilers and turkeys are unable to maintain a constant internal body temperature when exposed to extreme or fluctuating temperatures due to an inefficient thermoregulatory system (Yahav 2000; 2009) . Reduction in thermoregulation affects meat yield and meat quality (Zhang et al., 2012) . Zhang et al. (2012) showed that heat stress (34
• C) in broilers increased intramuscular fat percentage within the p. major muscle compared to birds reared at a standard housing temperature (23
• C). The increase in intramuscular fat accumulation may be mediated, at least in part, by satellite cells that transdifferentiate to an adipogenic lineage (Asakura et al., 2001 , Shefer et al., 2004 Rossi et al., 2010; Yin et al., 2013) .
Pectoralis major muscle satellite cells from high growth lines have intrinsic attributes that have been altered as a result of selection. Velleman et al. (2000) showed p. major satellite cells isolated from F line turkeys have increased proliferation and differentiation, and a greater tendency to express the adipogenic genes PPARγ, C/EBPα, and SCD during proliferation compared to RBC2 satellite cells (Velleman, 2014) . Based on the intrinsic changes in satellite cell function, it is also possible that growth selection has altered the proportion of p. major satellite cells that can convert to an adipogenic lineage in response to thermal cues. At 72 h of proliferation, in the current study, there were minimal differences between F and RBC2 p. major satellite cells between 33 and 38
• C. As temperatures increased above 38
• C, the F line satellite cells had less intracellular lipid compared to the RBC2 satellite cells; however, the linear trends in expression of adipogenic transcription factors across temperature was not different between the F and RBC2 satellite cells. During differentiation, there were minimal differences between the F and RBC2 p. major satellite cells in terms of intracellular lipid accumulation and expression of adipogenic transcription factors. This is supported by previous findings of Velleman (2014) , who reported minimal differences in adipogenic gene expression in F and RBC2 satellite cells at 72 h of differentiation. Taken together these data suggest that selection for increased body weight minimally affects temperature-mediated changes in adipogenic gene expression and lipid accumulation in satellite cells.
In vivo, the area surrounding the satellite cell, also termed the satellite cell niche, is important in regulating satellite cell activity. Signaling from vascular cells has been shown to be required for maximal satellite cell activation (Christov et al., 2007; Rhoads et al., 2009 ). Vascular cells line capillaries which, in skeletal muscle, are located in the perimysial and endomysial space between fiber bundles and individual fibers. Selection for faster growing turkeys (Wilson et al., 1990; Sosnicki and Wilson, 1991; Velleman et al., 2003) and broilers (Prentis et al., 1984; Dransfield and Sosnicki, 1999; Scheuermann et al., 2004) has resulted in hypertrophied myofibers that limit available space within the endomysium and perimysium and thereby reducing vascularization (Wilson et al., 1990; Velleman et al., 2003) . This phenomenon creates 2 challenges. First, a reduction in vascularization limits incoming nutrient availability and constrains the removal of waste products such as lactic acid (Sosnicki and Wilson, 1991; Velleman, 2015) . Second, satellite cell activity is dependent upon factors secreted by vascular cells (Christov et al., 2007; Rhoades et al., 2009 ), a reduction in vascularization will alter satellite cell activity. Therefore, while temperature can directly impact satellite cell activity (Clark et al., 2016) , it is likely that temperature changes may interact with physiological challenges associated with limited vascularization and growth selection to alter the biological functions of p. major satellite cells.
Selection for faster-growing, higher-yielding poultry affects circulating levels of growth factors, thyroid hormones, and insulin (Goddard et al., 1988) . Insulin in conjunction with other growth factors promotes the transdifferentiation of satellite cells to an adipogenic lineage (Asakura et al., 2001 ). Isolated p. major satellite cell populations differentially respond to growth factors such as fibroblast growth factor 2, insulinlike growth factor, and hepatocyte growth factor (Yun et al., 1997; Zeng et al., 2002) . Pectoralis major muscle satellite cells that proliferate at a faster rate are more sensitive to growth factors (Yun et al., 1997; Zeng et al., 2002) . Taken together, these data suggest that reduced vascularization and changes in endocrine factors or growth factors may affect the response of satellite cells to temperature. Further research is needed to determine the in vivo responsiveness of p. major satellite cell populations to both cold and hot temperatures.
In summary, environmental factors, including temperature, can have a profound effect on skeletal muscle growth in poultry (Arjona et al., 1988; Plavnik, 1999, Yahav and McMurtry, 2001; Velleman et al., 2010; Loyau et al., 2013; Piestun et al., 2013; Velleman et al., 2014) . Results from the current study showed that temperature altered adipogenic gene expression and lipid accumulation of turkey p. major muscle satellite cells with minimal affect from selection for increased body weight. The increased adipocyte-like properties may result in the transdifferentiation of satellite cells to an adipogenic lineage in vivo, as supported by Smith and Johnson (2014) . Intracellular lipid accumulation in satellite cells will cause intramuscular fat accumulation within the breast muscle. Increased intramuscular fat content, especially within the breast muscle, may negatively impact consumer purchasing habits as the demand for an inexpensive, low-fat protein source has been the driving force for the increased poultry consumption over the past 30 years (OECD-FAO, 2015) . Future research is needed to determine how temperature and selection for increased muscle mass accretion affect other physiological systems and satellite cell populations contained within the p. major muscle.
